Introduction {#Sec1}
============

Hepatocellular carcinoma (HCC) is one of the most common and malignant tumors in adults, which has been ranked as the second leading cause of cancer death all around the world^[@CR1]^. While great achievement was made in the methods of therapy, such as surgical resection, liver transplantation, radiation therapy and chemotherapy, the 5-year survival rate of HCC subjects still remains poor, with more than 750,000 HCC subjects die each year^[@CR2]^. Previous studies have identified many aberrantly expressed protein-coding genes in HCC, which led to great therapeutic improvement by providing novel drug targets for recurrent or unresectable HCC^[@CR3],[@CR4]^. However, due to the lack of specific driver molecules or mutations, there are limitations in developing novel drugs for treating HCC. Thus, identification of potential therapeutic targets that participate in the development and progression of HCC is in urgent need.

Long noncoding RNAs (lncRNAs) have been recognized as transcripts longer than 200 nucleotides (nt) that are 5′ capped and 3′ polyadenylated, with limited protein-coding potential^[@CR5]^. It has been reported that lncRNAs play essential roles in regulating the biological process and gene expression by diverse mechanism in a broad variety of cancers^[@CR6]--[@CR8]^. To date, emerging evidence has showed that lncRNAs are involved in the proliferation, invasion, metastasis and angiogenesis of HCC^[@CR9],[@CR10]^. To our knowledge, no study has conducted a systematic identification and characterization of candidate lncRNAs involved in HCC, especially their clinical roles and molecular mechanisms in the development and progression of HCC.

In this study, we performed bioinformatical analyses based on high throughput RNA sequencing of HCC from The Cancer Genome Atlas database (TCGA, <http://cancergenome.nih.gov/>) to evaluate the clinicopathological value of lncRNAs and their underlying mechanism in HCC.

Methods {#Sec2}
=======

TCGA dataset of HCC {#Sec3}
-------------------

High throughput RNA sequencing data of HCC were downloaded from The Cancer Genome Atlas database (TCGA). Generally, 370 HCC samples and 50 adjacent non-cancerous samples with RNA-seq data from Illumina HiSeq platform were included in current study. Approval by a local ethics committee was not required since TCGA is a community resource project and all data in TCGA can be used for publication without restrictions or limitations. Meanwhile, this study was performed in accord with the TCGA publication guidelines (<http://cancergenome.nih.gov/>).

Analysis of the aberrantly expressed lncRNAs in HCC {#Sec4}
---------------------------------------------------

The RNA-Seq data of HCC form TCGA contains over 14000 lncRNAs defined by NCBI (<https://www.ncbi.nlm.nih.gov/>) or Ensembl (<http://asia.ensembl.org/>). The R package DESeq was used to normalize the expression level of each lncRNA^[@CR11]^. LncRNAs of which expression was less than 1 in over 10% of the patients were excluded from this study. Then the differentially expressed lncRNAs between HCC samples and paired adjacent normal tissues were determined by using the statistical methods of DESeq, in which genes with Benjamini-Hochberg adjusted *p* value \< 0.05 and absolute log2 fold-change \>2 were considered differentially expressed.

Clinical role of the top 5 aberrantly expressed lncRNAs in HCC {#Sec5}
--------------------------------------------------------------

The area under the receiver-operating-characteristic (ROC) curve was used to assess the diagnostic accuracy of all the aberrantly expressed lncRNAs, with 1 indicating perfect discriminatory value and 0.5 or less indicating no discriminatory value. The different expressions of lncRNAs between HCCs and adjacent normal tissues, and between patients with different clinical manifestations were analyzed by using Student's t test. Kaplan-Meier survival curves were constructed using the expressions of these 5 lncRNAs from TCGA transcriptional profiles (Statistical ranking for the normalized expression of each lncRNA by the top quartile and bottom quartile were defined as high-expression and low-expression, respectively.) as threshold and compared by log-rank analysis. All analyses were performed by using SPSS version 22.0 and *p* \< 0.05 was considered statistically significant.

Potential functions of the 5 aberrantly expressed lncRNAs in HCC {#Sec6}
----------------------------------------------------------------

Weighted Gene Co-Expression Network Analysis (WGCNA) was used to identify modules of co-expressed genes regulated by these 5 lncRNAs^[@CR12]^. The co-expression network established by WGCNA was then visualized by Cytoscape 3.5.1. In addition, Gene Ontology (GO) analysis for the 5 lncRNAs and their co-expressed genes was performed based on the Database for Annotation, Visualization and Integrated Discovery (DAVID, <https://david.ncifcrf.gov/>). GO terms with Benjamini-Hochberg adjusted *p* value \< 0.05 were considered statistically significant.

Gene set enrichment analysis {#Sec7}
----------------------------

GSEA was performed using the GSEA-R, a bioconductor implementation of GSEA from Broad Institute^[@CR13]^. The GSEA analysis was performed to compare transcriptome profiles of both high (top 25th quartile normalized expression) and low (bottom 25th quartile normalized expression) expressions of DDX11-AS1. Before GSEA analysis, normalization of expression data and generation of transcriptome profiles were performed using the R package Deseq^[@CR11]^. Gene sets were obtained from published gene signatures in the Molecular Signatures Database (MSigDB). Analysis was run with 1,000 permutations and a classic statistic. Normalized enrichment score (NES) and Benjamini-Hochberg adjusted *p* values were measured to find enrichments with statistical significance (\<0.05).

Validation of the aberrantly expressed lncRNAs based on clinical samples {#Sec8}
------------------------------------------------------------------------

For further validation of our findings, the expression levels of the 5 lncRNAs were also determined in clinical samples (n = 20) from West China Hospital of Sichuan University by using qRT-PCR. All patients and their relatives provided the informed consents, and this study was approved by the Ethical Committee of Sichuan University. The samples used in this study are unselected, non-consecutive, historically confirmed HCCs without pretreatment, that were resected at West China Hospital. Following partial hepatectomy, approximately 5 g segments of tumor and the adjacent normal tissue (at least 1 cm from the surgical margin) were isolated and immediately stored in liquid nitrogen for further analysis. Total RNA was extracted using Trizol reagent (Invitrogen). First-strand cDNA was generated using the PrimeScript RT reagent Kit (Takara) according to the manufacturer's protocol. Real-time qPCR was performed in the CFX Connect Real-Time PCR Detection System (Bio-Rad) by using SYBR Green (Takara) and the gene-specific primers. Relative transcript levels of target genes were normalized to GAPDH mRNA levels. RNA Quality Assessment was conducted by acrylamide gel electrophoresis, in which a 28S: 18S rRNA ratio of 2:1 is representative of good-quality RNA. The primers used were listed as following: GAPDH, F: 5′-TGAAGGTCGGAGTCAACGGATTT-3′, R: 5′-GCCATGGAATTTGCCATGGGTGG-3′; AC092171.4, F: 5′-ATTACCCCGCCCTGGATTTG-3′, R: 5′-TTGTTTTCCCCACCCC-3′; DDX11-AS1, F: 5′-TTAGGAGGACAACGAATCACCTC-3′, R: 5′-GTCATCTCCCAGAACCAGACTTT-3′; HAGLR, F: 5′-GATCCCCACCTTCCCCAAAG-3′, R: 5′-TCTCCGACTGAGGTTTGCAC-3′; HAGLROS, F: 5′-AGGCTGAGCGCTAACTGAAG-3′, R: 5′-TTGCCCTGTCTTCAGAGGTG-3′; SFTA1P, F: 5′-TGGGAAATGCGGATATAGAAGGT-3′, R: 5′-GATGAGCTTCCACGGATTTTCAC-3′.

Data Availability {#Sec9}
-----------------

All data generated or analysed during this study are included in this published article.

Results {#Sec10}
=======

Identification of candidate lncRNAs based on TCGA dataset of in HCC {#Sec11}
-------------------------------------------------------------------

To systematically identify the aberrantly expressed lncRNAs in HCC, the expression levels of lncRNAs in 50 HCC samples and paired adjacent normal tissues from TCGA dataset were analyzed by using the R package DEseq. Finally, 1162 lncRNAs were found to be aberrantly expressed in HCC tissues, including 232 down-regulated lncRNAs and 930 up-regulated lncRNAs (Fig. [1](#Fig1){ref-type="fig"}). 5 lncRNAs with area under ROC curve (AUC) over 0.95 were selected for further analysis due to their potential roles in hepatocarcinogenesis and significant diagnostic value for patients with HCC, including HOXD antisense growth-associated long non-coding RNA (HAGLR), HAGLR opposite strand (HAGLROS), Surfactant associated 1 (SFTA1P), DDX11 antisense RNA 1 (DDX11-AS1) and AC092171.4 (Fig. [2](#Fig2){ref-type="fig"}). The characteristics of these 5 lncRNAs were listed in Table [1](#Tab1){ref-type="table"}.Figure 1Volcano plot of the aberrantly expressed lncRNAs between HCC and adjacent normal tissues. The x-axis indicates the log2 fold change in gene expression, which was defined as the ratio of normalized value of gene expression detected in HCC and adjacent normal tissues. The y-axis indicates the adjusted *p* values plotted in −log10. Red dots represent up-regulated lncRNAs in HCC, while blue dots represent those down-regulated.Figure 2ROC curves of the top 5 lncRNAs sorted by AUC. Red line represents the sensitive curve, while green represents the identify line. The x-axis indicates false positive rate, which is presented as "1-Specificity". The y-axis indicates true positive rate, which is presented as "Sensitivity".Table 1Characteristics of the top 5 lncRNAs.Gene symbolEnsemble IDLocationLog2 Fold changeAUC (95% CI)p-valueHAGLRENSG00000224189Chromosome 2: 176,173,195-176,188,9585.6500458290.9712 (0.9444-0.9980)2.62E-05SFTA1PENSG00000225383Chromosome 10: 10,784,437-10,794,9806.1696566720.9646 (0.9228-1.0000)2.64E-21HAGLROSENSG00000226363Chromosome 2: 176,177,717-176,179,0085.0028350840.9510 (0.9063-0.9957)9.91E-13DDX11-AS1ENSG00000245614Chromosome 12: 31,020,763-31,073,8472.4129979890.9596 (0.9249-0.9943)0.000609851AC092171.4ENSG00000272953Chromosome 7: 5,425,770-5,426,4012.6866806580.9564 (0.9212-0.9916)5.20E-06

Clinical value of these 5 aberrantly expressed lncRNAs in patients with HCC {#Sec12}
---------------------------------------------------------------------------

Then the expression levels of the 5 lncRNAs between HCC and adjacent normal tissues were analyzed. Coincidentally, the expression levels of all the 5 lncRNAs were remarkably higher in HCC than normal tissues (Fig. [3](#Fig3){ref-type="fig"}). For the further validation on the distinguishing expression levels of these 5 lncRNAs between HCC and adjacent normal tissues, we performed qRT-PCR analysis using 20 HCC samples and paired normal tissues from West China Hospital. Comparing with normal tissues, notably higher expressions of all the 5 lncRNAs were observed in HCC (Fig. [4A,B](#Fig4){ref-type="fig"}). Kaplan-Meier curves showed that higher expressions of DDX11-AS1 and AC092171.4 were in correlation with poorer survival in HCC patients (*p* = 0.0001 and 0.0411, respectively), while the expressions of HAGLR, HAGLROS and SFTA1P were not associated with the HCC-specific survival (Fig. [5](#Fig5){ref-type="fig"}).Figure 3Expression of the top 5 lncRNAs between HCC and adjacent normal tissues. Data represent the mean ± SD, ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001.Figure 4Validation of the expressions of the 5 lncRNAs with clinical samples. (**A**) The expression of the 5 lncRNAs in HCC and adjacent normal tissues, ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001. (**A**) The expression of the 5 lncRNAs in HCC and paired-adjacent normal tissues, paired Student t test was used to assess the statistical significance, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001.Figure 5Kaplan-Meier analyses of OS based on the expressions of the top 5 lncRNAs.

Moreover, correlation analysis between the expression of lncRNAs and clinicopathological parameters revealed that DDX11-AS1 was intimately associated with tumor recurrence (*p* \< 0.05), tumor stage (*p* \< 0.05), alpha fetoprotein (AFP) level (*p* \< 0.0001) and viral hepatitis (*p* \< 0.001). Meanwhile, higher expressions of HAGLR and AC092171.4 SFTA1P were observed in patients with high AFP level (\>400 ng/ml). It was also found that patients with higher expression of SFTA1P tended to have liver fibrosis (*p* \< 0.05), alcohol consumption (*p* \< 0.05) and viral hepatitis (*p* \< 0.01) (Fig. [6](#Fig6){ref-type="fig"}).Figure 6Association between the expression of the top 5 lncRNAs and clinicopathological parameters of patients with HCC. Data represent the mean (range), ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001.

Potential mechanism of the 5 aberrantly expressed lncRNAs in regulating the development and progression of HCC {#Sec13}
--------------------------------------------------------------------------------------------------------------

To explore the co-expressed genes and the potential functions of these 5 lncRNAs, we performed Weighted Gene Co-Expression Network Analysis (WCGNA) based on the expression profile of mRNAs in HCC from TCGA. Following quality control to remove technical outliers, 15 modules were identified by WGCNA. Each module was assigned a unique color identifier (Fig. [7A](#Fig7){ref-type="fig"}), with the remaining poorly connected genes colored gray. For instance, 6 modules are associated with HAGLR, including the blue, green, pink, cyan, brown and grey modules. However, only 3 modules, the blue, purple and cyan modules, are associated with HAGLROS (Fig. [7B](#Fig7){ref-type="fig"}). Meanwhile, the expression profile of mRNAs associated with the 5 lncRNAs was evaluated by Gene-Ontology (GO) analysis (Suppl Table [1](#MOESM1){ref-type="media"}). While the co-expressed genes of HAGLROS are mostly enriched in metabolic process (GO: 0008152), the co-expressed genes of HAGLR were significantly involved in cellular process (GO: 0009987). Regarding the potential pathways in regulating the progression of HCC, significant enrichment was observed in cholecystokinin receptors (CCKR) pathway and Gonadotropin-releasing hormone receptor (GNRHR) pathway, both of which belongs to G-protein coupled receptor (GPCR) related pathways. Moreover, genes correlated with the expressions of HAGLR and AC092171.4 were also enriched in the PI3K signaling pathway, which has been proved to play essential roles in the progression of cancer^[@CR14]^. Visualization of the gene co-expression network of the 5 lncRNAs was shown in Fig. [8](#Fig8){ref-type="fig"}.Figure 7Gene co-expression network of the genes regulated by the 5 lncRNAs. (**A**) Pearson correlations between expression profiles of all pairs of genes were transformed into network connection strengths (denoted by intensity of red color). Average linkage hierarchical clustering with the topological overlap dissimilarity measure was used to identify gene co-expression modules, each of which was assigned a unique color. Rows and columns were symmetric and represent genes. (**B**) Correlation between module eigengenes and the expressions of the 5 lncRNAs. Each row corresponds to a module identified on the left side by its color. Each column corresponds to one lncRNA. Each cell reports the Pearson correlation between the module eigengene and lncRNAs using complete pairwise option along with uncorrected *p* value in parenthesis. Cells are color-coded using the correlation value according to color scale on the right; positive correlations are denoted red and negative correlation in green.Figure 8Visualization of the gene co-expression network of the 5 lncRNAs. Red balls represented the 5 lncRNAs, while the blue balls represented the co-expressed genes.

Further analysis on the potential mechanism of DDX11-AS1 in regulating the development and progression of HCC {#Sec14}
-------------------------------------------------------------------------------------------------------------

Among these 15 modules, significant correlation was observed between the green module and the expression of DDX11-AS1 (correlation \> 0.50, *p* \< 0.05, Fig. [6B](#Fig6){ref-type="fig"}). Therefore, further analysis was conducted on the mechanism of DDX11-AS1 in regulating the genes involved in green module. GO analysis of this module demonstrated that it was enriched in nucleus, catalytic activity and RNA metabolic process (Fig. [9A](#Fig9){ref-type="fig"}). Notable highly connected ("hub") genes in this module include genes involved in transcriptional regulation (HDAC2 and SFPQ)^[@CR15],[@CR16]^ and cell cycle (CCNB1, TPX2, NCAPD2)^[@CR17],[@CR18]^, highly suggesting that this module might regulate the tumorigenesis of HCC (Fig. [9B](#Fig9){ref-type="fig"}). In order to determine the role of DDX11-AS1 in regulating the genes involved in this module, the Gene Set Enrichment Analysis (GSEA) was performed to analyze the gene expression profile affected by the expression level of DDX11-AS1 (high vs. low). The results showed that higher expression of DDX11-AS1 led to down-regulation of 15 genes (SRD5A1, CYP4F11, etc.), which have been proved to be down-regulated in HCC with high proliferative potential (*p* \< 0.0001), suggesting that DDX11-AS1 might promote the proliferation of HCC by inhibiting the expressions of these 15 genes (Fig. [9C](#Fig9){ref-type="fig"}). Meanwhile, genes up-regulated in undifferentiated HCC were also enriched in patients with higher DDX11-AS1 expression (*p* \< 0.001), indicating that DDX11-AS1 might participate in the process of HCC differentiation (Fig. [9D](#Fig9){ref-type="fig"}). Moreover, the expressions of genes involved in cell cycle were also increased in patients with higher DDX11-AS1 expression (*p* \< 0.05, Fig. [9E](#Fig9){ref-type="fig"}). These findings suggested that DDX11-AS1 might promote the tumorigenesis of HCC by targeting the genes in the green module.Figure 9Association between DDX11-AS1 and the expressions of genes in green module. (**A**) GO analysis on genes within the green module. The x-axis indicates the numbers of enriched genes. (**B**) Visualization of hub genes within the green module. (**C**) Gene expression levels of the subsets of genes involved in HCC with high proliferative potency, HCC cell differentiation and cell cycle.

Discussion {#Sec15}
==========

To date, numerous studies have been conducted to reveal the underlying mechanisms of lncRNAs in regulating the development and progression of HCC^[@CR19]--[@CR21]^. However, since the underlying mechanisms of HCC formation are complicated, studies focusing on a single genetic event may not meet the current requirement on finding potential molecular targets in treating HCC. In this study, we examined the lncRNA profiles of HCC tissues and paired adjacent normal tissues from TCGA dataset. 5 lncRNAs with the highest diagnostic accuracy (AUC \>0.95) were identified and included for further analysis. The expressions of the 5 lncRNAs were verified in clinical HCC and paired normal tissues. The co-expression analysis showed that the 5 lncRNAs regulated the development and progression of HCC through various pathways, including p53 pathway and PI3 kinase pathway, leading to the occurrence of various biological processes. Moreover, more in-depth analysis on the mechanism of DDX11-AS1 demonstrated that DDX11-AS1 might regulate the proliferation and differentiation of HCC, indicating an essential role of DDX11-AS1 in hepatocarcinogenesis.

It has been widely known that the activation of PI3K pathway contribute to the progression of HCC^[@CR22]^. The high-molecular-weight glycoprotein MUC15 can bind EGFR and accelerate EGFR internalization, then promotes EGFR degradation and inhibits EGF-induced PI3K-AKT activation, thus accelerating the process of HCC metastasis^[@CR23]^. Through integrated bioinformatical analysis, we have identified two lncRNAs, HAGLR and AC092171.4, regulating the genes involved in PI3K signaling pathway, including AKT1, FOXO1, NRAS, PTEN, which has been previously reported to be the key regulators in the tumorigenesis and metastasis of HCC^[@CR23]--[@CR26]^. The activation of PI3K can phosphorylates and activates AKT, localizing it in the plasma membrane, leading to the localization of down-stream FOXO1 in the cytoplasm^[@CR27],[@CR28]^. When dephosphorylated, FOXO1 can enter the nucleus and work as a transcription factor to promote cell cycle arrest at G1 phase via multiple mechanisms, including P27KIP1 and P130 up-regulation, and Cyclin D1 and D2 down-regulation^[@CR29]^. It has been reported that ubiquitination and proteasome degradation of FOXO1 can lead to HCC progression, suggesting the role of FOXO1 as an onco-suppressor gene^[@CR24]^. Similar with FOXO1, the PTEN gene is also identified as a tumor suppressor that is mutated in a large number of cancers at high frequency^[@CR30]^. PTEN works by dephosphorylating PIP3 to PIP2, which limits AKTs ability to bind to the membrane, decreasing its activity^[@CR28]^. The transcriptional activation of PTEN can suppress AKT-mTOR signaling, thus inhibiting the proliferation of HCC^[@CR31]^. On the contrary, the NRAS is a well-known oncogene belonging to the Ras family, which consists of several distinct members including Ras (H, K, M, N, and R), Rap (1 and 2), and Ral. The Ras gene product is a membrane-bound guanosine triphosphate (GTP)/guanosine diphosphate (GDP)-binding (G) protein that serves as a "molecular switch", converting signals from the cell membrane to the nucleus. These chemical signals lead to protein synthesis and regulation of cell survival, proliferation, and differentiation^[@CR32]^. Liver cancer cells have mutations in the gene encoding the tumor suppressor protein p53 driven by NRAS become addicted to MYC stabilization, which enables the tumor cells to overcome a latent G2/M cell cycle arrest, thus promoting the proliferation of HCC^[@CR33]^. These findings suggest the significance of genes involved in PI3K pathway in regulating the tumorigenesis and metastasis of HCC. Taken together, this study may inspire more research shedding light on the mechanism of how HAGLR and AC092171.4 modulate the expression of genes involved PI3K pathway in regulating the progression of HCC.

DDX11-AS1 is transcribed divergently from DDX11 promoter region, sharing with the protein-coding gene a common pattern of expression and regulation. Instead of affecting the levels of DDX11 mRNA or protein, DDX11-AS1 interacts with and regulates the activity of DDX11, a DNA dependent ATPase and helicase involved in DNA replication and sister chromatid cohesion, thus regulating DNA replication and sister chromatid cohesion^[@CR34]^. In this study, patients with higher expressions of DDX11-AS1 tended to have poorer survival outcomes, suggesting that DDX11-AS1 can be a powerful predictor for survival of patients with HCC. Consistent with the previous work, the role of DDX11-AS1 in regulating DNA replication was also observed in current study, indicating that DDX11-AS1 is a key regulator in tumor cell proliferation. Moreover, the GSEA analysis showed that the expression of DDX11-AS1 affect the gene expressions involved in HCC proliferation, differentiation and cell cycle, which indicated an essential role of DDX11-AS1 as a promoter in the tumorigenesis of HCC, thus leading to the inferior survival outcomes. Therefore, understanding the novel RNA crosstalk between DDX11-AS1 and mRNAs, especially hub-genes in the green module, will probably lead to significant insight into gene regulatory networks, which have great implications in HCC development. Collectively, these data demonstrate the potential mechanistic links between an oncofetal lncRNA DDX11-AS1 and tumorigenesis, which established DDX11-AS1 as a potential therapeutic target in HCC.

In conclusion, we identified 1162 aberrantly expressed lncRNAs in HCC tissues and the top 5 of them were further analyzed to evaluate their clinical value as diagnostic and prognosis biomarkers. Meanwhile, analysis on the potential mechanisms of the 5 lncRNAs in regulating the development and progression of HCC showed a sophisticated network between lncRNAs and significant pathways, such as PI3K pathway. Moreover, we identified that DDX11-AS1 played vital roles in hepatocarcinogenesis, suggesting that DDX11-AS1 might serve as a prognostic biomarker and therapeutic target for HCC. These results require further validation studies on the mechanism of lncRNAs in manipulating HCC development.
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